The neural crest (NC) cells have been called the 'explorers of the embryos' because they migrate all over the embryo where they differentiate into a variety of diverse kinds of cells. In this work, we analyse the role of different molecules controlling the migration of NC cells. First, we describe the strong similarity between the process of NC migration and metastasis in tumour cells. The epithelial-mesenchymal transition process that both kinds of cells undergo is controlled by the same molecular machinery, including cadherins, connexins, Snail and Twist genes and matrix metalloproteases. Second, we analysed the molecular signals that control the patterned migration of the cephalic and trunk NC cells. Most of the factors described so far, such as Eph/ephrins, semaphorins/neuropilins and Slit/Robo, are negative signals that prohibit the migration of NC cells into target areas of the embryo. Finally, we analyse how the direction of migration is controlled by regulation of cell polarity and how the planar cell polarity or non-canonical Wnt signalling is involved in this process.
INTRODUCTION
The neural crest (NC) is one of the most pluripotent embryonic tissues. It gives rise to typical ectodermal cells such as neurons and glia, typical mesodermal cells such as cartilage and muscle cells, and typical endodermal cells such as gland cells. As a consequence of this pluripotent status, NC contributes to the formation of many organs such as the face, neck, heart, adrenal gland, peripheral nervous system and skin. This vast range of different kinds of cell seems to be determined by a combination of intrinsic factors, specified in the genetic network activated during NC induction, and by external cues coming from the environment that the cells encounter during their migration or after they have reached their final target. Thus, understanding the mechanisms that control cell migration is essential to comprehend how NC pluripotency is regulated.
The NC is induced at the border of the neural plate by signalling coming from the surrounding epidermis, neural plate and underlying mesoderm (Raven & Kloos 1945; Mayor et al. 1995; Selleck & Bronner-Fraser 1995; Mancilla & Mayor 1996; Bonstein et al. 1998) . A complex array of different signals is produced by these tissues that specify the NC at a precise location along the dorsoventral and anterior-posterior axis of the embryo. An initial gradient of bone morphogenic protein (BMP) activity specifies the border of the neural plate, and later a combination of Wnts, fibroblast growth factors (FGFs) and retinoic acid (RA) transforms the border of the neural plate into NC cells (Barembaum & BronnerFraser 2005; Steventon et al. 2005) . The integration of all these signals initially leads to the activation of a genetic cascade in the entire neural fold which later becomes restricted to the NC (Mayor & Aybar 2001; Meulemans & Bronner-Fraser 2004; Steventon et al. 2005) . The initial set of genes induced at the neural plate border has been called cell specification or neural plate border specifier genes. Their expressions are not restricted to the prospective NC as they are expressed in a wider domain that includes prospective epidermal and neural plate cells. They control the expression of the second group of genes, called cell survival or NC specifier genes. The expression of this second group of genes is restricted to the prospective NC cells and most of these genes control the survival of the NC cells. The third group of genes is the last to be expressed in the NC that are starting to migrate and differentiate and they are the target of the two previous groups of genes; they have been called migration/ differentiation or NC effector genes. They are involved in the last step of NC migration and differentiation.
One of the most notable characteristics of the NC cells is their ability to migrate. They have been called the 'explorers of the embryos' because they are able to migrate extremely long distance, following specific pathways and colonizing almost all the tissues of the embryo. It has been found in recent years that many of the factors that belong to the NC genetic cascade are also involved in controlling tumour progression. Furthermore, cellular and embryological evidence seems to indicate that cancer cells share many characteristics with NC cells. In this work, we will analyse the molecular signals that control NC migration; we will describe the molecules and pathways that are common to NC and cancer cells, the signals that have been identified as inhibitors of NC migration and finally the data that describe how the directionality of NC migration is controlled through the regulation of cell polarity.
MIGRATION OF NC CELLS AND TUMOUR PROGRESSION
Molecular and cellular evidences show common mechanisms between NC migration and metastasis in cancer cells. When metastatic human melanoma is transplanted into the neural tube of a chick embryo, the melanoma cells migrate and behave as NC cells, suggesting that melanoma cells are able to respond to embryonic environmental cues similar to the signals that control NC migration .
Migration of NC cells and metastasis of tumour cells is a complex and multi-step process that has been characterized, and specific steps have been defined for them (Thiery 2002; Trainor 2005) . Before NC emigrates from the neural tube, they undergo a process called epithelial-mesenchymal transition (EMT) that will confer to them the ability to migrate. A similar EMT process takes place in cancer cells during tumour progression. The EMT involves different cellular machineries and implies deep changes in cell morphology and in the repertoire of cell surface adhesion and recognition molecules. When the EMT is complete, the NC cells delaminate from the neuroepithelia and migrate along specific pathways. EMT is required for the tumour cell to acquire the invasive property characteristic of metastasis. The invasion of tumour cells is one of the first steps of metastasis and it allows the entry into the systemic circulatory system and, from there, into a new host tissue, where the tumour cells proliferate and generate a secondary tumour. Most of the deaths caused by cancer are dependent on this metastatic process and not on the primary tumour.
(a) Loss of polarity: from tight to gap junctions Premigratory NC cells and non-metastatic tumour cells form an epithelium with a typical apical-basal polarity; however, this polarity is lost in order for these cells to migrate ( figure 1a,b) . In avian NC cells, the apical zones are joined by intercellular junctions at the stage of neural fold fusion, but such junctions disappear progressively approximately 5 hours before the onset of migration . During this time, occludin, which is a major component of tight junctions, is downregulated from the neural tube and a de-epithelization process takes place (Aaku-Saraste et al. 1996) . Interestingly, the activation of Raf-1 in tumour cells, which triggers EMT, leads to the downregulation of occludin and claudin (Li & Mrsny 2000; Wang et al. 2007) . Thus, there is a progressive replacement of tight/adherence junctions by gap junctions both in NC and tumour cells ( figure 1a,b) . Connexin is one of the major proteins of gap junctions and it has been shown that they are upregulated during NC migration. Connexin-43 (Cxn-43) is expressed in mouse NC cells and its knockout produces defects in NC derivatives, including heart morphogenesis (Lo et al. 1997) . However, NC targeted loss of Cxn-43, using Wnt1-Cre KO mice that failed to recapitulate null-Cxn-43 phenotype. The Cxn-43-deficient mice using Pax3-Cre recombinase, which is targeted to NC and dorsal neural tube or the other neuroepithelial tissues, show abnormal coronary development (Liu et al. 2006b ). It seems that Cxn-43 act through non-crest neuroepithelium to regulate the ability to carry out EMT. It has been observed that in tumour cells the expression of some connexins is altered, and often reduced, during tumour progression (Yamasaki 1990; Wilgenbus et al. 1992; Neveu et al. 1994; Sawey et al. 1996) . However, it should be mentioned that although in many tumours connexins are upregulated, in many others they are downregulated, especially in more advanced stages of tumour progression ( Yamasaki 1990; Wilgenbus et al. 1992; Neveu et al. 1994; Sawey et al. 1996) .
The replacement of tight by gap junctions during this early step of EMT is linked to changes in cell-cell interactions. A key element in cell interaction during EMT is cadherin-dependent cell adhesion.
(b) Changes in cell adhesion: cadherins The cadherin family of cell-cell adhesion proteins is a large family that includes classical cadherins, protocadherins and atypical cadherins (Fat, Dachsous, and Flamingo; for a review see Halbleib & Nelson (2006) ). The extracellular domain of type I cadherins contains characteristic repeats that regulate homophilic and heterophilic interactions during adhesion and cell sorting ( Takeichi 1995) . At the beginning of NC migration and tumour progression, a lack of cadherins correlates with cells that start to migrate ( Nakagawa & Takeichi 1995; Aaku-Saraste et al. 1996) . Loss of cadherin expression has emerged as one of the clearest indicators of EMT ( figure 1c,d ). Classic cadherins comprise type I cadherins expressed preferentially in stable cell assemblies, whereas type II cadherins are also expressed in less cohesive mesenchymal cells. In particular, a shift from type I classical cadherin to type II cadherin correlates with the acquisition of cell motility (DeLuca et al. 1999) .
In cancer, during the transition from adenoma to carcinoma, E-cadherin expression is downregulated, while the expression of N-cadherin is switched on (Frixen et al. 1991; Hsu et al. 1996; Cavallaro et al. 2002) . Inhibition of E-cadherin by antibody against E-cadherin or dominant-negative form of E-cadherin can induce mesenchymal phenotypes in epithelial cancer cells (Imhof et al. 1983; Andersen et al. 2005) . Conversely, it has been reported that the exogenous addition of N-cadherin can induce cell migration, invasion and metastasis in breast cancer cells (Nieman et al. 1999) .
Many type II cadherins have been found in migrating cells such as NC cells (Tanihara et al. 1994; Hoffmann & Balling 1995; Nakagawa & Takeichi 1995 Inoue et al. 1997; Hadeball et al. 1998; Vallin et al. 1998) . In avian NC, N-cadherin and cadherin 6B are downregulated during the process of EMT, while the expression of cadherin-7 is increased (Nakagawa & Takeichi 1995) . Cadherin-11, a type II cadherin, is specifically expressed in Xenopus migratory NC cells (Hadeball et al. 1998) . Hence, the shift of cadherin from type I to II also seems important in NC EMT. It has been reported that the exogenous addition of N-cadherin can induce cell migration, invasion and metastasis in breast cancer cells, even in the presence of E-cadherin (Nieman et al. 1999) and that the expression of a cytoplasmic fragment of N-cadherin can promote NC EMT and delamination working as a transcriptional regulator (Shoval et al. 2007 ).
Interestingly, in some cancer, full exchange from E-cadherin to N-cadherin is fairly observed (Perl et al. 1998; Hazan et al. 2000; Wicki et al. 2006; Wicki & Christofori 2007) ; and other mechanisms for EMT have been proposed without loss of E-cadherin (Wolf & Friedl 2006; Wicki & Christofori 2007) . Although there is an overwhelming accumulation of data that shows the requirement of cadherin downregulation for NC and tumour cells during EMT, the exact mechanism by which cadherins control EMT transition is not known.
An important breakthrough has been the identification of some of the factors that downregulate cadherins during EMT. It has been shown that members of the Snail family of genes bind directly to the E-cadherin promoter and repress its transcription in many tumour cells (Batlle et al. 2000; Cano et al. 2000; Elloul et al. 2005) . Interestingly, two members of the Snail gene family, Snail1 (formerly Snail ) and Snail2 (formerly Slug) were initially identified as genes expressed in the NC and required for NC specification and migration (Carl et al. 1999 ; LaBonne & Bronner-Fraser 2000; Mayor et al. 2000; Aybar et al. 2003) . Loss-and gainof-function experiments have shown that Snail2 is a key regulator of EMT in NC (Nieto et al. 1994; del Barrio & Nieto 2002) . Another transcription factor, Twist, which is expressed in and required for vertebrate NC (Hopwood et al. 1989; Gitelman 1997; Soo et al. 2002) , has also been found to play a key role in cancer EMTand it has been shown to repress E-cadherin expression (Yang et al. 2004 ). This shift in cadherin expression together with the loss of polarity is one of the first steps of EMT in NC and cancer cells.
(c) Full EMT requires proteases activity Although switching the expression of cadherins seems to be a key element in many EMT cells, there are many migratory cells in which this change is not essential.
There is another enzymatic activity that is present in many tumour cells: digestion of the extracellular matrix (ECM) carried out by proteins called matrix metalloproteases (MMPs; figure 1e,f ). The MMPs have been regarded as major critical molecules assisting tumour cells during metastasis (Egeblad & Werb 2002; Lynch & Matrisian 2002; Fingleton 2006) . From the earliest work on MMPs in cancer, there has been a clear connection between MMPs, ECM degradation and cancer cell invasion. Numerous studies have linked inhibition of MMPs by synthetic and natural inhibitors (tissue inhibitors of matrix metalloproteinase or TIMPs) with a corresponding inhibition of cell invasion. Conversely, upregulation of MMPs by inducers, transcriptional enhancement or transgene constructs usually led to enhanced tumour cell invasion, monitored in vivo by histology or in model systems by appearance of tumour cells in distant sites and in vitro by Matrigel or ECM invasion. All these studies led to the conclusion that enhanced MMP levels yielded increased tumour cell invasion. The MMPs are usually expressed as pro-MMP, and then activated by a cleavage of the prodomain by other MMPs. Many of the MMPs involved in this cleavage are expressed in human invasive cancer, MMP2 being one of the most common metalloproteases expressed in various human cancer cells (Stetler-Stevenson et al. 1989; Springman et al. 1990; Nomura et al. 1995; Pulyaeva et al. 1997) . Interestingly, Snail also regulates the expression of some MMP, such as MMP2 in melanoma cells (Kuphal et al. 2005) .
The MMPs are also expressed during embryo development and they play an important role in NC migration. The MMP2 and its natural inhibitor, TIMP-2, are required for cardiac NC development (Cai et al. 2000; Cantemir et al. 2004; Duong & Erickson 2004) . Xenopus NC also expresses several MMPs, including members of the novel metalloproteinase/disintegrin family ADAM, and inhibition of some of them completely block migration of cephalic NC (Alfandari et al. 2001; Gaultier et al. 2002; Smith et al. 2002; Harrison et al. 2004) . Recently, many ADAM family members have been identified in cancer cells, suggesting that they might have a role in cancer as well (Karan et al. 2003; Lendeckel et al. 2005; Liu et al. 2006a ).
NC MIGRATORY PATHWAYS: INHIBITORY SIGNALS
Once the NC has undergone EMT, they start migration following specific pathways. NC cells migrate in segmentally restricted streams in both the branchial region and the trunk of the vertebrate embryo (figure 2). We will describe here what is known about the molecular bases for such restriction in the cephalic and trunk NCs.
(a) Migration of cephalic NC In the cephalic region, NC cells migrate into the branchial arches where they differentiate into specific bones, cartilages and cranial ganglia (Kontges & Lumsden 1996) . The cephalic NC migrates in three major streams that are related to the segmental organization of the brain. In Xenopus, the NC segregates early during neurulation and remains adjacent to the neural plate for many hours before initiating migration (Sadaghiani & Thiebaud 1987) . The premigratory cephalic NC becomes segmented into three groups of cells that are destined to be the mandibular, hyoid and branchial NC (Sadaghiani & Thiebaud 1987; Bradley et al. 1993; Smith et al. 1997) . Therefore, mechanisms seem to exist to restrict the intermingling of adjacent groups of NC cells prior to and during migration and to guide them into specific pathways. In the chick embryo, NC cells migrate from the midbrain rhombomeres r1 and r2 into the first branchial arch, from r4 into the second arch, and from r6 and more caudal regions into the third and fourth arches (Lumsden & Guthrie 1991) . Recent work has implicated two groups of proteins in the molecular mechanism of this migration, ephrins and semaphorins.
(i) Ephrins Eph receptors and ephrins are membrane-bound proteins that function as a receptor-ligand pair. Thirteen Eph receptors and eight ephrins have been identified in mammals (Tuzi & Gullick 1994; Orioli & Klein 1997; Pasquale 1997) . It was thought until recently that EphA receptors bound preferentially to ephrin-As (with the exception of EphA4) while EphB receptors had a preference for ephrin-Bs. However, new data suggest that interactions across classes occur and are functional in specific contexts (Himanen et al. 2004) . The Eph receptors belong to the superfamily of receptor tyrosine kinases and as such they autophosphorylate upon binding to their cognate ephrin ligands and subsequently activate downstream signalling cascades (forward signalling). While neither class of ephrins possesses a catalytic activity, both can activate signal transduction pathways after interaction with Eph receptors (reverse signalling). At the cellular level, both forward and reverse signalling through Eph receptors and ephrins regulate motility (Davy et al. 2004) .
In Xenopus embryos, EphA4 and EphB1 are expressed in migrating NC cells and mesoderm of the third arch, and third plus fourth arches Helbling et al. 1998) , respectively; while the ephrin-B2 ligand, which interacts with these receptors, is expressed in the adjacent second arch NC and mesoderm Smith et al. 1997) . Using truncated forms of these proteins, it has been shown that the complementary expression of EphA4/ EphB1 receptors and ephrin-B2 is involved in restricting the intermingling of third and second arch NC and in targeting third arch NC to the correct destination . The cytoplasm domain of ephrin-B2 is able to rescue NC migration in ephrin-B2 knockout mice (Adams et al. 2001) . Furthermore, human mutations in ephrin-B1 or ephrin-B4 have been associated with a failure in NC migration (Twigg et al. 2004; Merrill et al. 2006) . It has also been shown that gap junction communication (GJC) is inhibited at ectopic ephrin boundaries and that ephrin-B1 interacts with connexin-43 and regulates its distribution. Moreover, genetic evidence indicates that GJC is implicated in cephalic NC defects observed in ephrin-B1 (G) embryos. Thus, Eph/ephrins can regulate GJC during NC migration (Mellitzer et al. 1999 ).
(ii) Semaphorins Semaphorins are secreted, transmembrane and GPIlinked proteins, defined by cysteine-rich semaphorin protein domains that have important roles in a variety of tissues (for review on semaphorins see Kruger et al. (2005) ). Humans have 20 semaphorins; they are grouped into eight classes on the basis of phylogenetic tree analyses and the presence of additional protein motifs. The expression of semaphorins has been described most fully in the nervous system, but they are also present in most other tissues. Functionally, semaphorins were initially characterized for their importance in the development of the nervous system and in the axonal guidance (Kolodkin 1998 ). More recently, they have been found to be important for the formation and functioning of other cell types including the NC cells (Tamagnone & Comoglio 2004) . Semaphorins can alter the cytoskeleton and the organization of actin filaments and the microtubule network. These effects occur primarily through binding of semaphorins to heterophilic receptors, neuropilin and plexin (Yu & Kolodkin 1999) . It has been shown that semaphorins are required for the correct migratory patterning of cephalic and cardiac NC cells (Eickholt et al. 1999; Brown et al. 2001; Gitler et al. 2004; Lepore et al. 2006; Sato et al. 2006 ; figure 2, cranial NC). In zebrafish, genes of the Sema3F and Sema3G class are expressed in the cranial NC-free zones, while neuropilin 2a (Npn2a) and Npn2b are expressed in the migrating NC cells. Overexpression experiments show a restriction in the pattern of cephalic NC migration ( Yu & Moens 2005) . The interaction between semaphorin 3F (Sema3F) and neuropilin 2 (Npn2) has been described in axon guidance (Giger et al. 2000) and NC guidance (Gammill et al. 2006a) . In chick, Sema3A and Sema3F are expressed within rhombomeres at levels adjacent to crest-free mesenchyme, and expression of the receptor components essential for semaphorin activity by NC cells suggests a function in restricting NC cell migration (Osborne et al. 2005; Gammill et al. 2006a ). Attenuation of semaphorin signalling by expression of soluble neuropilin-Fc results in NC cells invading adjacent mesenchymal territories that are normally crest free. Thus, Sema3A and Sema3F, expressed and secreted by the hindbrain neuroepithelium contribute to the appropriate positioning of NC cells in proximity to the neural tube (Osborne et al. 2005) . Sema3D is also required for NC migration by controlling cell proliferation (Yu et al. 2004) . The Sema3D overexpression rescues reduced proliferation caused by DTCF expression, suggesting that Sema3D lies downstream of Wnt/TCF signalling in the molecular pathway thought to control cell cycle in NC cells precursors (Berndt & Halloran 2006) .
(b) Migration of trunk NC After NC cells detach from the neural tube, they migrate along stereotypical pathways to their final destinations. In the trunk region of most animals, NC travels two pathways, a medial route through the somitic mesoderm or between the neural tube and somite, and a dorsolateral pathway, between the somites and the overlying ectoderm (Rickmann et al. 1985; Morin-Kensicki & Eisen 1997; Le Douarin & Kalcheim 1999) . NC that travels medially contributes to the sensory and sympathetic ganglia, and generates Schwann and chromaffin cells (Le Douarin & Teillet 1974) . In contrast, NC that migrates dorsolaterally generates melanocytes. In addition to these differences in the cell fates of NC migrating on these two pathways, the organization of their migration is also distinct. NC that migrates medially travels in a segmental manner through the somitic mesoderm, entering through the rostral, centre or posterior region of each somite in avian, zebrafish or Xenopus embryo, respectively (Krotoski et al. 1988; Keynes et al. 1990; Collazo et al. 1993; Honjo & Eisen 2005) . Some of the molecules that control the patterned migration of the cephalic NC, such as ephrins and semaphorins, are also involved in the segmental migration of the trunk NC through the somites.
(i) Ephrins
It is known that in avian embryos NC invades only the anterior but not the posterior portion of each somite, and that this selective migration pattern is imposed by the somite, as the posterior sclerotome seems to express a repulsive guidance cue (Rickmann et al. 1985; Bronner-Fraser 1986; Serbedzija et al. 1990; Bronner-Fraser & Stern 1991) . EphB3 localizes to the rostral half-sclerotome, including the NC, and the ligand ephrin-B1 has a complementary pattern of expression in the caudal half-sclerotome. The addition of soluble ephrin-B1 results in a loss of the metameric migratory pattern and a disorganization of NC cell movement. Thus, Eph-family receptors and their ligands are involved in interactions between NC and sclerotomal cells, mediating an inhibitory activity necessary to constrain neural precursors to specific region of the somite (Krull et al. 1997; Wang & Anderson 1997; Koblar et al. 2000; McLennan & Krull 2002; Kasemeier-Kulesa et al. 2006) . Surprisingly, the control of the dorsolateral versus the medial pathway is also controlled by ephrins ( figure 2, II) . NC cells that are specified as neurons and glial cells only migrate ventrally and are prevented from migrating dorsolaterally into the skin, whereas NC cells specified as melanoblasts are directed into the dorsolateral pathway. The RT-PCR analysis, in situ hybridization and cell surface labelling of NC cell cultures demonstrate that melanoblasts express several EphB receptors. When Eph signalling is disrupted in vivo, melanoblasts are prevented from migrating dorsolaterally, suggesting that ephrin-B ligands promote the dorsolateral migration of melanoblasts. Thus, ephrins act as bifunctional guidance cues: they first repel early migratory NC cells from the dorsolateral path and then later stimulate the migration of melanoblasts into this pathway (Santiago & Erickson 2002) . The mechanisms by which ephrins regulate repulsion or attraction in NC cells are unknown.
(ii) Semaphorins A second signal that has been implicated in cephalic and trunk NC migration is semaphorin (Eickholt et al. 1999) . Trunk NC cells express the receptor Npn2, while its repulsive ligand Sema3F is restricted to the posterior half-somite. In Npn2 and Sema3F mutant mice, NC cells lose their segmental migration pattern and instead migrate as a uniform sheet, suggesting that Npn2/Sema3F signalling guides the NC migration through the anterior half of each somite (Gammill et al. 2006b ). In addition, it has been shown in zebrafish embryos that Sema3D lies downstream of Wnt/TCF signalling in the molecular pathway and is thought to control cell cycle and NC migration (Berndt & Halloran 2006) . Cardiac NC originates from the cells that lie in between the cephalic and the trunk NC, and its migration is also dependent on semaphorins (Brown et al. 2001; Lepore et al. 2006; Sato et al. 2006) . However, this conclusion is complicated by the discovery that neuropilin receptors control not only NC cell migration but also some aspects of cardiac endothelial cell migration (Gitler et al. 2004 ).
(iii) Slit/Robo A third family of molecules has also been involved in trunk NC migration: Slit/Robo. Slit is a secreted protein that binds to the Robo receptor; they were initially identified in Drosophila as playing an important role in axonal guidance (for a review on Slit/Robo see Dickson & Gilestro (2006) ). Mammals have at least three Slit genes (Slit1, Slit2 and Slit3) and four Robo genes (Robo1, Robo2, Robo3 and Robo4). All Slit proteins share a common domain structure, consisting of a series of four leucinerich repeats, seven to nine epidermal growth factor-like domains, a laminin G domain, and a C-terminal cysteine-rich domain. Most Robo proteins consist of an extracellular domain comprising five immunoglobulinlike and three fibronectin type III (FN3) repeats, a single transmembrane segment and a cytoplasmic domain without any obvious catalytic activity.
Slit and Robo seem to be involved in different aspects of trunk NC migration. Slits are expressed in the dermamyotome and early migrating crest cells express Robo1 and Robo2. Furthermore, Slit2 repels migrating crest cells in vitro and in vivo, suggesting that the Slit/Robo interaction is required to repress the entry of the NC into the dorsal pathway (Jia et al. 2005) . In addition, Slit/Robo also seems to regulate the migration of vagal cells into the gut, which is not colonized by trunk cells. Slit2 is expressed at the entrance of the gut and only trunk NC cells express Robo receptors. In vivo and in vitro experiments suggest that Slit2 can act bifunctionally, both repulsing and stimulating the motility of trunk NC cells (De Bellard et al. 2003) .
DIRECTIONALITY DURING MIGRATION OF THE NC: PCP/NON-CANONICAL Wnt SIGNALLING
All the molecules and signals that we have described so far seem to restrict NC migration. Once EMT has occurred in the NC cells they start to migrate into the permissive areas and are repelled from the forbidden areas. This produces the characteristic streams of NC migration, with all the cells migrating in specific directions. According to this proposal, there are no positive cues or attractants that direct the migration of the NC cells or control their directionality. This idea is supported by the lack of sound evidence for the existence of a chemoattractant involved in NC migration. Several permissive molecules have been described for NC migration, especially ECM proteins such as fibronectin, laminin or collagen; however, there is no evidence that these molecules can control the directionality of NC migration. More positive evidence has accumulated in favour of glial cell line derived neurotrophic factor (GDNF) and netrin/deleted colon cancer gene (DCC) as possible NC attractants ( Young et al. 2001; Natarajan et al. 2002; Iwashita et al. 2003; Jiang et al. 2003) . GDNF and DCC are expressed in the regions of the gut where some of the NC cells are fated to migrate. The NC expresses the receptor for these molecules and loss of function experiments lead to failures in NC migration. Furthermore, in vitro analysis of axonal guidance for neurons derived from NC cells show axonal growth towards a source of GDNF (Young et al. 2001; Natarajan et al. 2002) . However, no proper chemotaxis assays have been performed for NC cultured in vitro, and some of the results could still be explained as chemokinesis instead of chemotaxis. Chemokinesis is the process by which a factor stimulates the migration of cells but with no directionality, while in chemotaxis, in addition to promoting cell migration the cell is able to migrate along a gradient of chemoattractant in a particular direction. Thus, an assay for chemoattraction requires not only the number of cells to be counted after exposure to the factor but, most importantly, the trajectory to be followed during its migration to analyse if the factor affects the directionality of the cell ( Wells & Ridley 2005) . A well-established method to analyse chemoattraction is the Dunn chamber in conjunction with time-lapse microscopy, where the migration of each cell can be tracked after being exposed to a gradient of the chemoattractant. Recently, the Dunn chamber was used to analyse the migration of dorsal root ganglia, a NC derivative, exposed to a gradient of stromal derived factor-1 (SDF-1). However, no timelapse analysis was performed of the migrating NC, and an increase in the number of cells in the well with a higher concentration of SDF-1 could also be interpreted as SDF-1 promoting chemokinesis instead of chemotaxis, as the authors claim (Belmadani et al. 2005) . In summary, there is no unequivocal evidence for positive chemotaxis for the NC cells. However, the NC migrates with very persistent directionality, either as a mass of migrating cells or as individual cells. How is this directionality controlled?
Once the NC cells have undergone EMT, it is possible to analyse the morphology of individually migrating cells. They exhibit typical mesenchymal morphology and are highly polarized in the direction of migration. Large lamellipodia and filopodia are observed at the front of the cell and a typical tail is observed at the back (figures 3 and 4). We have analysed some of the molecular mechanisms that control this polarity and we will focus here on planar cell polarity (PCP) or non-canonical Wnt signalling.
(a) PCP or non-canonical Wnt signalling PCP was first recognized in insects. In Drosophila melanogaster, mutations of PCP genes cause disorganization of cuticular structures and/or the compound eye (Gubb & Garcia-Bellido 1982) . The cellular hairs, for example, show swirls and wavy patterns instead of the characteristic proximal-distal orientation on the wing blade and show similar abnormalities on the body wall. Similarly in the eye, PCP mutants show defects in the arrangement of photoreceptors. Based on these phenotypes, Drosophila researchers discovered several genes that are required for PCP and uncovered an evolutionarily conserved set of genes that control the establishment of planar polarity not only in flies but also in vertebrates (the core PCP factors). One of the key molecules in this pathway are the Wnt-signalling receptors called frizzled ( Fz), which are required for controlling transcriptional activity via b-catenin and Lef/Tcf (Brunner et al. 1997; van de Wetering et al. 1997) . However, the Fz receptors also activate a different branch of the Wnt pathway usually known as the non-canonical pathway, which is b-catenin-independent, and that regulates cellular polarity as a consequence of cytoskeletal structure rearrangement (Strutt et al. 1997 ). An intracellular component of the pathway transduced by Fz is dishevelled (Dsh), which is required for both canonical and non-canonical Wnt pathways (Boutros et al. 1998) . The activity of PCP factors polarizes a field of cells along a specific axis, which is reflected by the differential distribution of molecular markers or a gradient of activity in polarized cells. The core PCP molecules, Strabismus (Stbm)/van Gogh, Frz and Dsh become asymmetrically localized during the molecular aspects of PCP signalling ( Taylor et al. 1998; Wolff & Rubin 1998;  figure 5a ). The PCP pathway regulates many aspects of development including convergent extension and neural tube closure, inner ear development, hair orientation in mammals and ciliogenesis (Wang & Nathans 2007) .
The unifying theme of PCP signalling is cellular polarization which is usually associated with the polarity within an epithelium. However, the NC cells are mesenchymal cells when they are migrating and no obvious role of PCP on individual migratory cells can be expected. Interestingly, inhibition of several of the PCP factors, such as Wnt11, Fz7 and Dsh leads to a complete inhibition of NC migration (De Calisto et al. 2005) . Analysis of zebrafish PCP mutants, such as Stbm/trilobite (Jessen et al. 2002) , Wnt11/silberblick (Heisenberg et al. 2000) or Wnt5/pipetail (Rauch et al. 1997) , also shows a failure in NC migration (L. Marchant & R. Mayor 2007, unpublished results) . It should be mentioned that the NC phenotypes in the zebrafish PCP mutants are not as strong as the phenotype produced by the expression of a dominant negative of Dsh. This observation could be explained by some kind of redundancy in the function of the PCP factors, and could explain why no NC phenotype has been described in mouse PCP mutants.
One of the most appealing models of positional information in the PCP signalling is based on the presence of a morphogen-like molecule that would activate Fz in a dose-dependent manner (Adler et al. 2000; Fanto et al. 2003) . It has been suggested that such a molecule could belong to the Wnt family, as it binds to the Fz receptor. In addition, it should be produced in a localized fashion in order to generate a gradient of activity. No such molecule has been found so far in the Drosophila PCP pathway, or in any vertebrate system. Interestingly, Wnt11 and Wnt11R (a related member of Wnt11) are expressed adjacent to premigratory NC and just before the onset of crest delamination (De Calisto et al. 2005; Garriock & Krieg 2006) . In addition, several observations show that the localized expression of Wnt11 adjacent to the premigratory NC is essential for its function and could be the morphogen that activates the PCP pathway (De Calisto et al. 2005) .
However, there is an apparent contradiction between PCP signalling and NC migration. PCP controls the polarity of tissues (epithelia) whereas the NC cells get polarized after they have been released from the neuroepithelia and they are individual mesenchymal cells. How can PCP control the migration of individual cells? Interestingly, recent analysis of NC migration shows that these cells keep close contact during migration, suggesting that even though they might not be as tight as epithelia, they migrate in a more cohesive way than was previously thought (Teddy & Kulesa 2004) . Although no functional analysis of these contacts has been performed, it is possible to speculate that these contacts are required to maintain the integrity of the NC tissue to coordinate the orientation of cell protrusion through PCP signalling.
PCP signalling controls the polarity of an epithelium and the migration of neural cells. How are these two processes related? The epithelial polarity is dependent on the localization of specific PCP factors at each end of the cell, which will organize cell properties such as the cytoskeleton and cell adhesion in a polarized manner (figure 5a). The polarized localization of the PCP factors has been hard to visualize in vertebrates and even more difficult in mesenchymal cells, such as NC. However, in these mesenchymal cells, the effect of these PCP factors seems to be on the organization of the cytoskeleton and the formation of cell protrusions required for a directional cell migration (figure 5b). Interestingly, analysis of migrating crest cells in vitro shows that PCP signalling is required to stabilize the cell protrusions. Inhibition of the PCP pathway increases the number of cell protrusions in each cell but in a nonpolarized manner ( De Calisto et al. 2005) . Two important players in the formation of cell protrusions during cell migration are the small GTPases, Rho and Rac, which are controlled by the Wnt-PCP pathway (Hall 1998) . It is known that Rac activity promotes actin polymerization and drives lamellipodial extension of growth cones, while Rho activity promotes stress fibre formation and stabilization of focal adhesion (Hall 1998; Kuhn et al. 1999) . Rac1 is known to control actin cytoskeletal rearrangement through membrane trafficking during axon guidance (Jurney et al. 2002) . In zebrafish gastrulation, cytoplasmic endoreticulum docking protein Rab5c is involved in endocytosis and membrane trafficking, and is one of the effectors of Wnt11 signalling (Ulrich et al. 2005) and Rab11, a different type of Rab protein, is a component of the PCP pathway to drive cellular polarity of Drosophila wing (Classen et al. 2005 ). Thus, it is possible that the Wnt-PCP pathway is required to coordinate the activities of small GTPases, cytoskeleton (actin) polymerization, cell adhesion and membrane trafficking, to produce an efficient directional migration. 
